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Abstract — A fluidized bed—chemical vapor deposition (FB-CVD) process was designed and established in a two-part
experiment to produce zirconium nitride barrier coatings on uranium-molybdenum particles for a reduced enrichment
dispersion fuel concept. A hot-wall, inverted fluidized bed reaction vessel was developed for this process, and coatings were
produced from thermal decomposition of the metallo-organic precursor tetrakis(dimethylamino)zirconium (TDMAZ) in high-
purity argon gas. Experiments were executed at atmospheric pressure and low substrate temperatures (i.e., 500 to 550 K).
Deposited coatings were characterized using scanning electron microscopy, energy dispersive spectroscopy, and wavelength
dis-persive spectroscopy. Successful depositions were produced on 1 mm diameter tungsten wires and fluidized ZrO,-SiO,
microspheres (185 to 250 um diameter) with coating thicknesses ranging from 0.5 to 30 um. The coating deposition rate was
nominally estimated to be 0.04 £ 0.02 um/h. The ZrN coating adhered to the microspheres, but there was a significant oxygen

and possible carbon contamination.

Keywords — FB-CVD, ZrN coatings, uranium-molybdenum particles.
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I. INTRODUCTION

The Material Management and Minimization (M3)
Program, previously called the Reduced Enrichment for
Research and Reactor Program, was established in 1978 by
the U.S. Department of Energy with the primary objective
to reduce and eventually eliminate the use of high-
enrichment uranium (HEU) in research and test reactors
worldwide.! A major goal of the M3 program was to
develop advanced low-enrichment-uranium (LEU) fuels
to replace the HEU in research reactors while maintaining
experimental performance, economic, and safety aspects of
the reactors.” Over 40 research reactors have been con-
verted to date through this program; however, there are
still reactors in operation whose high flux requirements
cannot be met by currently developed LEU fuel.

*E-mail: deperez@tamu.edu

One fuel concept under development for this applica-
tion consists of the dispersion of uranium-molybdenum
(U-Mo) microspheres within an aluminum matrix.’
Extensive testing of U-Mo dispersion fuels* revealed
interactions between the U-Mo fuel and the Al matrix
during irradiation. Neutron radiation—enhanced interdiffu-
sion resulted in fuel plate pillowing and eventually plate
failure.*”” While fuel performance is a multifaceted chal-
lenge with many performance-limiting phenomena, such
as fission gas swelling and mechanical property changes,
the emphasis of this work was on the development of a
process to create a diffusion barrier between the alloy fuel
particles and the aluminum matrix. The insertion of zir-
conium nitride (ZrN) as an inert diffusion barrier between
the fuel particles and the aluminum matrix has been
proposed as one option to mitigate these interactions.*

The application of this barrier requires a deposition
method that is amenable to coating powder surfaces of
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the U-Mo microspheres (nominally 70 to 150 um in
diameter) before its incorporation into the dispersion
fuel plate matrix. Among the various methods, fluidized
bed—chemical vapor deposition (FB-CVD) is effective for
powder applications as nucleation and growth of the
coating layer occurs on every available surface.®’

The precursor selected for the CVD process must be
chemically compatible with the substrate, and the required
process temperature cannot be thermally damaging to the
fuel. One common CVD precursor used for ZrN deposition
is zirconium tetrachloride'® (ZrCly), but this compound was
rejected because of the parasitic formation of uranium chlor-
ides and the potential for the requisite processing tempera-
tures to exceed the U-xMo liquidus temperature near ~1475 K
(Ref. 11). Therefore, metallo-organic precursors that deposit
ZrN via thermal decomposition were sought. The low binding
energy in the metallo-organic molecules reduces the required
substrate temperature to initiate the chemical reaction'*'*
and is therefore suitable for the coating process for the
U-Mo fuel particles. The metallo-organic precursor chosen
for the ZtN FB-CVD process was tetrakis-(dimethylamino)
zirconium (Zr[N(CHj3),]4) (TDMAZ), which belongs to the
alkyl subset of metallo-organic precursors and begins to
decompose at 473 K (200°C) (Ref. 14).

A ZrN coating was selected as a candidate barrier for
U-Mo particles dispersed in an aluminum matrix because
it is chemically inert to the component materials and
exhibits favorable diffusivity and thermal properties. In
addition, low-temperature, low-pressure systems typically
produce fine-grained structure deposits.

Several coating experiments using different powders
of varied density and sphericity were used to test and
refine the fluidization process within the FB-CVD reac-
tor, thus avoiding experimental and safety complications
associated with radioactive materials. Spherical zirconia-
silica (ZrO,-Si0,) microspheres, readily available in the
Fuel Cycle and Materials Laboratory, were used as a
surrogate for U-Mo powder to be coated with ZrN.

The focus of this work was to design and demon-
strate the performance of a FB-CVD system capable of
fluidizing powder substrates of varied sizes and of produ-
cing uniform ZrN coatings with thicknesses on the order
of 1 to 5 pm on U-Mo microspheres.

Il. EXPERIMENTAL

Il.LA. Materials

The metallo-organic precursor chosen for the ZrN
FB-CVD process was TDMAZ. The TDMAZ crystals

(>99.99%) (STREM Chemicals Incorporated,
Newburyport, Massachusetts) are a white/yellow crystalline
material at room temperature with a melting point of 331 K
(58°C) (Refs. 15 and 16). The carrier gas for these experi-
ments was high-purity argon (99.99%). There is no docu-
mentation in the literature regarding the use of the TDMAZ
precursor in atmospheric pressure CVD, and the vapor pres-
sure and gravimetric analyses were not readily available'®;
however, research performed using low-pressure, plasma-
activated CVD indicated that thin films were deposited
using TDMAZ with substrate temperatures as low as 150°C
and as high as 500°C; the subsequent films characterized
were composed of zirconium, nitrogen, carbon, and
oxygen. 151718

11.B. FB-CVD System

The FB-CVD experimental setup, shown in Fig. 1,
consisted of an inert carrier gas delivery line, a precursor
delivery system, a particle trap, and a fluidized bed reac-
tion vessel. Individual components of the system are
described elsewhere."”

The U-Mo powder consisted of particles ranging in
size; smaller particles would overfluidize out of the sys-
tem into the particle trap, and larger particles would drop
from the wvessel into the particle catch below.
Additionally, as coatings would grow on the powder
substrate, the particles would grow heavier and fall
from the fluidized bed. To address these issues, a new
type of reaction vessel, an inverted fluidized bed, was
developed and is schematically pictured in Fig. 2.

The top half of the reaction vessel is made from an
aluminum section welded to a 2.540 cm Swagelok Ultra-
Torr vacuum fitting and a 0.635 cm stainless steel gas
inlet/outlet line. A 2.540 cm outer diameter (OD) Pyrex
glass tube, 30.500 cm in length, is used as the reaction
vessel and particle containment vessel and is secured to
the aluminum housing with an Ultra-Torr vacuum fitting
and a high-temperature silicon O-ring. All gas lines lead-
ing to and from the vessel were sealed with the Swagelok
ball valves. A rotary vane vacuum pump was attached to
the end of the exhaust system to facilitate fluidization
within the vessel. The vessel is loaded with the particu-
late substrate inside an inert atmosphere glove box by
unscrewing the Ultra-Torr fitting that clamps the O-ring
to the glass tube. The glass tube then slides out of the
aluminum housing for loading/unloading or cleaning
purposes.

The gas inlet consists of two tubes: a 0.952 cm OD
stainless steel tube and a second 0.317 cm OD stainless
steel tube placed inside the first. The first tube carries the
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Fig. 2. Schematic of the inverted fluidized bed reaction
vessel (not to scale).

fluidization argon gas, and the second carries the TDMAZ
precursor vapor and argon carrier gas. The two gas streams
are delivered in the hot zone at the bottom of the reaction
vessel at different flow rates: a high-flow gas corresponding
to the fluidization gas and a lower-flow gas to deliver the

precursor. The gas flow is reversed at the bottom of the tube,
and the redirected flow fluidizes the microspheres around the
stainless steel lines. This approach allows for an efficient
dilution of the precursor over a fast-moving circulation
of the microspheres. The exhaust gas exits through the
0.635 cm stainless steel tube on the top of the reaction vessel.

The reaction vessel was placed inside a moveable
aluminum metal annulus that was heated externally
with high-temperature fiberglass heater tape (Omega
model DHT051040LD) and then surrounded by insula-
tion. Type-K thermocouples (Omega KQXL-116G-12)
connected to a temperature data logger (Omega
OM-CP-OCTTEMP2000-CERT) were used to monitor
the temperatures of the top, center, and bottom of the
annulus as well as the inside of the reaction vessel to
verify temperature uniformity inside and along the
length of the heated portion of the vessel. The tem-
perature of the furnace was set to 425°C, but the
temperature was found to fluctuate from the setpoint
over a range of +5°C and over the length of the furnace
+7.5°C.

The bottom 15.250 cm of the 30.500 cm reaction vessel
was heated, which prevented the precursor from heating up
too rapidly while traversing the length of the gas inlet to the
bottom of the reaction vessel. The annulus could slide up the
length of the vessel, exposing the fluidized bed at the bottom,
enabling periodic fluidization checks during system



operation. The temperature of the heater tape was controlled
with a variable autotransformer (Staco Energy model
3PN1010B).

The argon supply was divided between two mass
flow controllers: a high-flow mass flow controller
(Omega model FMAS5524) to provide the fluidization
gas and a low-flow mass flow controller (Omega model
FMAS508) to provide the carrier gas for the TDMAZ
precursor. The high-flow line entered the reactor from the
bottom inlet. The low-flow argon line is passed through
the heated precursor bubbler to carry the precursor vapor
to the inlet line for the reaction vessel.

The particulate substrate was loaded into the reaction
vessel in the inert atmosphere glove box, sealed, and then
transferred to the FB-CVD system assembly. The system
was heated and purged with argon gas for 3 h prior to
each experimental run to displace air and moisture. The
precursor bubbler was loaded with TDMAZ crystals in
the inert atmosphere glove box, sealed, and transferred to
the system assembly where it was heated to a predeter-
mined temperature. The precursor bubbler bypass valve
was closed, and the TDMAZ precursor line valve was
opened to the reaction vessel. At the conclusion of the
experiment, the bubbler valves were closed, and the hea-
ter tape and heater cartridge were shut down, while the
argon continued to flow through the vessel, purging any
remaining precursor vapor from the system. The valves
on the top of the vessel were closed, sealing the coated
particles inside. The vessel was removed from the system
and transferred to an inert atmosphere glove box.

Table I shows the experiments that were completed
using the inverted fluidized bed reactor using argon gas
and the TDMAZ precursor. These experiments used the
Z10,-Si0, microspheres (185 to 250 um) and a tungsten
wire as substrates for the coating process.

Samples collected from each experiment were photo-
graphed using an optical microscope. Samples were then
prepared and taken to the electron microprobe where they

spectroscopy, energy dispersive spectroscopy, and back-
scatter electron imaging (BSE) using a four-spectrometer
electron probe microanalyzer (Cameca model SX50)
equipped with a Princeton Gamma-Tech energy disper-
sive system and a dedicated Sun workstation used for
image analysis.?’

lIl. RESULTS

Successful coating via FB-CVD requires maintaining
a fully expanded fluidized bed over the course of the
experiment. The inverted vessel design successfully flui-
dized particles of various sizes and densities without
losses at the particle trap.

The coating experiments were performed on the fol-
lowing substrates: 1 mm OD tungsten wire, 300 mm in
length, and ZrO,-SiO, microspheres (185 to 250 pm).
The length was chosen so that the wire would start at
the bottom of the coated particle trap and extend out the
top outlet of the reaction vessel. The wire would not
move since it was stabilized at the bottom of the particle
trap and the location within the vessel.

Substrate temperature was used as the principal pro-
cess variable. The TDMAZ was delivered to the reaction
vessel in argon gas at 1 atm pressure, and substrate
temperatures ranged from approximately 500 K to
550 K (230°C to 275°C).

The Zr0O,-Si0O, particles fluidized at a high argon
flow rate of 1.0 £ 0.5 L/min and a low argon flow rate
of 95 =2 mL/min, when the bed of particles became fully
expanded (Fig. 3). These two flow rates were used for all
the experiments completed with the FB-CVD system.

The use of the solid TDMAZ precursor at atmo-
spheric pressure proved challenging over the course of
this research. The vapor pressure of the TDMAZ was too
low to obtain a reliable vaporization rate or partial pres-
sure calculation of the precursor. The fluidized bed

were characterized with wavelength dispersive  experiments were all open system processes, and the
TABLE 1
Inverted Fluidized Bed Experiments
Test Number Vessel Substrate Heater Temperature (°C) Precursor (g) Coating Observed
44.1 II: Inverted Zirconia-silica 237 £5 1.9 Yes
442 II: Inverted Zirconia-silica 250 £5 3.01 Yes
443 II: Inverted Zirconia-silica 265 £5 3.5 Yes
4.4.4a II: Inverted Zirconia-silica 255 +5 3.12 Yes
4.4.4b II: Inverted Zirconia-silica 210 £5 - No
44.5 II: Inverted Zirconia-silica/W wire 280 £ 5 5.52 Yes
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Fig. 3. Fluidization of ZrO,-SiO, particles in the
inverted fluidized bed system; the relative heights of
the static bed and fully expanded bed are indicated in
the picture.

system pressure could not be reduced to increase the
vaporization of the precursor. Heating the precursor
above the melting point (60°C) appeared to reduce the
vaporization rate of the precursor over time, indicating

that possible decomposition reactions®' were occurring
during heating, changing the nature of the precursor.
The method used to overcome this negative effect was
to heat the precursor below the melting point of the
crystals (52°C) to slow the decomposition process but
still increase the vaporization rate.

The experiments began with a deposition time of 4 h
that was then increased to a deposition time of 69 h as the
coating rate was limited by the vapor delivery of the
TDMAZ precursor. BSE images of the microsphere sur-
face from select experiments are provided in Fig. 4. The
maps show the coating progression with increased deposi-
tion time. The final experiment was run for a total of 69 h
at a temperature of 275°C at atmospheric pressure using
the Zr0O,-SiO, microspheres and the tungsten wire. An
assumption with the FB-CVD experiments is that film
deposition occurs equally on all fluidized substrates within
the heated zone of the reaction vessel. To verify uniform
coating deposition, the bottom 15.250 cm of the reaction
vessel tube used in the final experiment was sectioned and
analyzed with the coated substrates (Fig. 7).

IIl.LA. Microprobe Characterization

The uncoated spheres were examined and compared
to the coated spheres produced from three experiments
(Fig. 4). The uncoated ZrO,-SiO, microspheres appeared
to have a heterogeneous surface with various composi-
tions of zirconium, silicon, and oxygen.

The coating on the surface of the tungsten wire
(Fig. 5) appears more homogenous than that of the
Zr0,-Si0, microspheres.

Fig. 4. Coating progression on ~200 pm microspheres with increased deposition time coupled with the corresponding 40 x 40 um
image of the surface area below. Uncoated microsphere (far left) with increasing deposition time toward the right.
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Fig. 5. (a) BSE image of the top of the sectioned coated tungsten wire and (b) a magnified image of the coated surface.

The coating varied from 0.5 pm up to 30 pm around
the circumference of the wire. This was attributed to the
placement of the stationary wire next to the gas inlet at
the bottom of the reaction vessel. The magnified image of
the coating displays a layered appearance; the cause of
the layers is currently unknown. The gap between the

Tungsten wire

30 um

wire and the coating is from where the epoxy pulled the
coating from the wire as it hardened (Fig. 6).

The BSE image analysis of the reaction vessel cir-
cumference cross section displayed an even, unvarying
coating of roughly 2.5 pm around the inner circumfer-
ence of the reaction vessel (Fig. 7), validating that the
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Fig. 6. (a) BSE image of a cross section of the tungsten wire and (b) a magnified image of the coating.
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Fig. 7. (a) BSE image of the cross-sectional area of the glass reaction vessel and (b) a magnified image of the inner coated surface.



thin film deposited equally within the heated zone
(15.25 cm in length) of the vessel.

IV. DISCUSSION

IV.A. CVD Results

The inverted FB-CVD system achieved thin
zirconium-bearing coatings on the substrates used in
each of the experiments. The character of coatings varied
depending on the substrate used. The coatings produced
on the ZrO,-Si0O, microspheres were varied in thickness
across the sphere surface, while the coatings produced on
the reaction vessel had a uniform thickness across the
surface. The coating on the reaction vessel achieved after
69 h of system operation time was roughly 2.5 pum in
thickness and appeared uniform across the vessel surface.
Assuming a constant precursor delivery to the substrate
surface, this would equal a coating deposition rate of
0.04 + 0.02 pm/h. This coating rate is significantly
lower than deposition rates of up to 0.76 um/h reported
by Kim et al."

IV.B. Coating Impurities

Zirconium has a high affinity for oxygen. The for-
mation of an oxide layer in the film is expected even in a
vacuum environment (10 Pa) (Ref. 14). The oxygen
impurities in the system can be attributed to oxygen
absorbed on the inside of the reaction vessel surface,
oxygen present in the process gases, or possible leaks in
the experimental system.

Research with metallo-organic precursors for zirco-
nium and titanium depostion indicate that carbon impu-
rities should be expected. The ligands directly bound to
the ZrN molecule may not completely separate from the
molecule during the chemisorption reaction on the sub-
strate surface, which can then be incorporated into the
growing film. Decomposition reactions occurring prior to
or during the deposition process could also lead to the
carbon atoms directly binding to the zirconium metal
atom (ZrC) adding further impurities to the
coating.'*'>2?

Ammonia can be introduced into the CVD system to
reduce the carbon impurities through a series of transami-
nation reactions.'® The process is described by Fix et al. in
the following equation, which is Eq. (9) in Ref. 18:

N(NR,), + NH3 — M(NR;), — n(NH,)n + nHNR,

where for the case of the TDMAZ precursor, R = CH;
and M = Zr. However, ammonia can react with the
TDMAZ precursor to form a powder even at low
temperatures,'® and the coating process would need to
be adjusted to avoid parasitic reactions within the
chamber.

The metallo-organic CVD experiment in literature'”
is operated at lower temperatures since the substrate is
within an ultra-low-pressure environment. In the atmo-
spheric pressure system, a temperature increase will
increase the coating deposition rate'* and will decrease
the carbon contamination found in thin film deposition
processes utilizing the metallo-organic precursors.'''*!®
This process will need to be optimized as the coating rate
competes with parasitic gas phase reactions, which are
more probable with higher temperatures.'

V. CONCLUSION

A new fluidized bed vessel capable of fluidizing
particulate substrates of varied size and density was con-
ceived and developed. The FB-CVD system utilizing a
metallo-organic precursor at low deposition temperatures
and atmospheric pressure was successfully designed and
developed to fluidize and coat particulate substrates with
zirconium-based coatings. Process variables were
defined, and the deposition of thin zirconium-bearing
barrier coatings has been demonstrated. The use of
TDMAZ precursor was challenging due to the narrow
window of operating temperatures and the strong ten-
dency to oxidize during operation. However, the system
was functional, and precursor delivery was readily
achieved. Further work is needed to improve the chemical
behavior of the FB-CVD system and reduce contamina-
tion in the final coating and to fully characterize the
coatings.
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